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The nuclear inclusion protein a (NIa) of turnip mosaic potyvirus is a protease processing the viral polyprotein into functional
proteins. It has been shown that the NIa C-terminal 27-kDa protease cleaves itself between Ser-223 and Gly-224 to generate
a 25-kDa protein lacking the C-terminal 20 amino acids. We have found a second internal cleavage near the C-terminus
resulting in the degradation of the 25-kDa protein into a 24-kDa protein. Substitution of the active site Asp-81 or Cys-151
with Asn or Ser, respectively, prevented the second cleavage, suggesting that the internal cleavage is also due to the
proteolytic activity of the NIa protease. This second internal cleavage was found to occur between Thr-207 and Ser-208,
eliminating the C-terminal 36 amino acids from the 27-kDa protease. The proteolytic activity of the 24-kDa protein was not
detected at all when it was measured using a nonapeptide containing the cleavage site between 6K1 and CI as a substrate,
suggesting that the C-terminal region between residues 208 and 223 contains essential amino acids for the processing of
6K1 –CI polyprotein. The deletion analyses of the C-terminal region revealed that at least 217 amino acids from the N-
terminus are required for the catalytic activity of the NIa protease. The point mutation of Trp-212 to Ser, Gly-213 to Ser,
or Ile-217 to Asp drastically abolished the catalytic activity, demonstrating that Trp-212, Gly-213, and Ile-217 are important
for the processing of 6K1 –CI polyprotein. q 1996 Academic Press, Inc.
INTRODUCTION and the role in the viral replication (Bazan and Fletterick,
1988; Dougherty et al., 1989; Gorbalenya et al., 1989).
Nuclear inclusion protein a (NIa) of turnip mosaic po-
The three-dimensional structure of the 3C protease is
tyvirus (TuMV) is a protease playing an essential role in
known (Allaire et al., 1994; Matthews et al., 1994), which
the viral replication. The potyvirus contains a 10-kb sin- showed that the 3C protease folds like cellular serine-
gle-stranded RNA, which is translated into one polypro- type proteases with Cys replacing Ser in the catalytic
tein during the viral replication (Dougherty and Carring- triad. This implies that the NIa protease may fold like
ton, 1988). The polyprotein is processed into at least 10 serine proteases, which was supported by site-directed
mature proteins by three viral proteases such as protein mutagenesis and inhibition studies (Dougherty et al.,
1 (P1), helper-component protease (HC-Pro), and NIa. 1989).
The P1 and HC-Pro cleave only their respective C-termini The NIa protease of tobacco etch potyvirus (TEV) or
while the remaining seven cleavage sites are processed TuMV has been found to cleave itself in cis at the C-
by the NIa protein (Carrington et al., 1989; Carrington terminus resulting in the elimination of the C-terminal 24
and Dougherty, 1987; Verchot et al., 1991). or 20 amino acids, respectively, and the internal self-
The NIa protein contains two functional domains. The cleavage site was determined to be located between
VPg domain (viral protein genome-linked) with a molecu- Met-218 and Ser-219 for TEV, or between Ser-223 and
lar weight of 22 kDa at the N-terminus is covalently Gly-224 for TuMV-C5 (Parks et al., 1995; Kim et al., 1995).
attached to the 5*-end of the viral genomic RNA via a The heptapeptide amino acid sequences of these self-
phosphodiester linkage (Murphy et al., 1990). The proteo- cleavage sites were found not to be homologous to those
lytic function of the NIa protein is located in the C-termi- of the other cleavage sites recognized by the NIa prote-
nal 27-kDa domain, which plays the proteolytic role inde- ase. The role of the C-terminal amino acids eliminated
pendent of the N-terminal VPg domain (Carrington and by such a self-cleavage is still unclear. The proteolytic
Dougherty, 1987; Dougherty and Parks, 1991). The potyvi- activity of the TEV NIa protease was decreased 20-fold
ral NIa protease is similar to the picornaviral 3C protease by the C-terminal deletion for the cleavage between the
in primary structure, the locations of the catalytic triad, nuclear inclusion protein b (NIb) and the capsid protein
(CP) while the C-terminal deletion did not affect the cata-
lytic activity of TuMV NIa protease significantly for the1 To whom correspondence and reprint requests should be ad-
dressed. cleavage between the 6K1 protein (6K1) and the cylindri-
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cal inclusion protein (CI), suggesting that the role of the AGCATCGCAACCGT-3* (for I217D), and 5*-GCTGGG-
GCTCTTTGACTCTAGAAGCATCGCAACCGT-3* (for NIQ/amino acids eliminated from the C-terminus may be dif-
ferent among the viral types (Parks et al., 1995; Kim et TLE) were synthesized and used as primers for each
mutagenesis, respectively. The underlined nucleotidesal., 1995). Another possibility is that such a difference
may be due to the different peptides used for measure- represent those changed by point mutations. The entire
mutant protease genes in pBluescript (SK0) were se-ment of the catalytic activity. It is noticeable that the C-
terminal region which is eliminated by the self-cleavage quenced by the dideoxynucleotide chain termination
method to confirm the mutagenesis without changingin TEV or TuMV NIa protease is not found in picornavirus
3C protease, implying that the C-terminal region may play other sequence. The mutated NIa protease-coding re-
gion in pBluescript (SK0) was digested with BamHI anda specific role for the potyviral NIa protease.
Previously, TuMV NIa protease was found to degrade HindIII to isolate the inserted entire mutant NIa protease
gene, which was then subcloned into a glutathione S-into a smaller protein with a molecular weight of 24 kDa
in addition to the 25-kDa protein (Kim et al., 1995). A transferase (GST) fusion vector, pGEX-KG (Guan and
Dixon, 1991).similar observation was also reported for TEV NIa prote-
ase (Parks et al., 1995). These phenomena of the internal
cleavages may reflect simply the instability of the NIa Construction of truncation mutant proteases
protease. Another possibility is that such internal cleav-
ages may play a role to regulate the proteolytic activity The truncation mutations with deletions of the C-termi-
nal 25 (ProD25), 26 (ProD26), 27 (ProD27), 29 (ProD29),or the lifetime of the NIa protease during the viral replica-
tion. We have recently shown that the TuMV NIa protease and 30 (ProD30) amino acids were prepared by polymer-
ase chain reactions using the protease gene in pGPOPRexhibits its optimum catalytic activity at approximately
157, and may be very flexible and unstable in its structure (Kim et al., 1995) as a template, and the oligonucleotides
of 5*-CCCAGGATCCATGGCGAGTAACTCCATGTTCA-at higher temperatures (Kim et al., 1996). These results
suggest that the proteolytic function of the NIa protease GAGG-3* for the N-terminal primer and 5*-ACGTAAGCTT-
CATTGTATATTCAAAGAGCCCC-3* (ProD25), 5*-ACGTA-in vivo might be regulated, at least in part, through the
stability of the protease. AGCTTCATATATTCAAAGAGCCCCAGC - 3* (ProD26),
5* - ACGTAAGCTTCAATTCAAAGAGCCCCAGCTGA - 3*In this study, we have identified the second internal
cleavage site located within the truncated 25-kDa protein (proD27), 5*-ACGTAAGCTTCAAGAGCCCCAGCTGATG-
GCAC-3* (ProD29), and 5*-ACGTAAGCTTCAGCCCCAG-of TuMV-C5 NIa protease and examined the effects of
the internal cleavages on the catalytic activity. Deletion CTGATGGCACTAG-3* (ProD30) for the C-terminal prim-
ers. The underlined nucleotides correspond to the se-or point mutations of the C-terminal residues have been
carried out for identifying residues in the C-terminal re- quences of the region to form base-pairing with the NIa
protease gene. A stop codon (UAG) was introduced ingion critical for the catalytic activity in the processing of
the 6K1 –CI junction sequence. front of the HindIII site for each C-terminal primer. The
amplified DNA was digested with BamHI and HindIII, and
then subcloned into the same restriction enzyme sitesMATERIALS AND METHODS
in pGEX-KG.
Construction of point mutant proteases
The mutant protease (ProD23) both with a deletion of
the C-terminal 23 amino acids and with replacements ofSingle point mutations of Ser-211 to His (S211H), Trp-
212 to Ser (W212S), Gly-213 to Ser (G213S), Ser-214 to Gln-221, Pro-222, Ser-223, Gly-224, Leu-225, and Phe-
226 by Ser, Leu, Ile, His, Arg, and Asp, respectively, wasPro (S214P), and Ile-217 to Asp (I217D), and a triple point
mutation of Asn-216, Ile-217, and Gln-218 to Thr, Leu, prepared as described previously (Kim et al., 1995). The
mutant protease (ProD32) both with a deletion of the C-and Glu, respectively (NIQ/TLE), were generated by site-
directed mutagenesis using uracil-containing, single- terminal 32 amino acids and with a replacement of Trp-
212 by Ala was prepared by utilizing the PvuII restrictionstranded DNA as a template (Kunkel, 1985); Escherichia
coli RZ1032 (ung0dut0) was transformed with pSKPOPR site present in the C-terminal region of the NIa protease.
The pGPOPR plasmid was digested with HindIII, treated(Kim et al., 1995), and the single-stranded DNA comple-
mentary to the coding strand of the protease gene was with Klenow fragment, digested with PvuII, and then self-
ligated. The mutant protease [ProD30(/11)] with both aprepared from the transformant and used as a template.
The oligonucleotides of 5*-GGGAAAATACTTGGACTG deletion of the C-terminal 30 amino acids and replace-
ments of the sequence from 214 to 224 by Pro-Val-Pro-CAGAGCCTAGCAAACTTC-3* (for H167Q), 5*-TAACACT-
AGTGCCATCCACTGGGGCTCTTTGAAT-3* (for S211H), Trp-Asn-Ser-Lys-Leu-Asn-Ser-Ser was prepared by utiliz-
ing ApaI restriction site present in the C-terminal region5* - TAGTGCCATCAGCTCGGGCTCTTTGAATA - 3* (for
W212S), 5*-GTGCCATCAGCTGGAGCTCTTTGAATATA-3* of the S214P mutant protease. The recombinant plasmid
containing the mutant protease gene of S214P in pBlue-(for G213S), 5*-CCATCAGCTGGGGCCCTTTGAATATAC-
AA-3* (for S214P), 5*-CTGGGGCTCTTTGAATGATCA- script (SK0) was digested with ApaI, self-ligated, and di-
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gested with BamHI and KpnI, and then the insert DNA
fragment was subcloned into pRSETb (Invitrogen). The
inserted DNA was again cut out from the pRSETb by
digestion with BamHI and HindIII, and then subcloned
into pGEX-KG. The mutant protease (ProD35) with both
a deletion of the C-terminal 35 amino acids and a re-
placement of Ser-208 by Arg was prepared by utilizing
the SpeI restriction site located in the C-terminal region
of the NIa protease. The pGPOPR plasmid was digested
FIG. 1. SDS–PAGE analysis of the internal cleavages of the TuMV-with SpeI and HindIII, treated with Klenow fragment, and NIa wild-type and mutant proteases. The wild-type and mutant prote-
then self-ligated. ases were incubated at 307 for the indicated period of time. The proteins
after the incubation were separated by 12% SDS–PAGE and stained
Expression and purification of the mutant proteases with Coomassie brilliant blue G-250. ProD20 is included as a 25-kDa
protein marker.
The expression and purification of the mutant prote-
ases were performed according to the procedures de-
scribed previously for those of the wild-type protease pH 7.6, and 150 mM KCl. The total reaction volume was
(Kim et al., 1995); briefly, the mutant proteases were ex- 24 ml and the reaction was carried out at 257. The reaction
pressed in E. coli as a GST fusion protein while induced was stopped by adding 300 ml of 10% acetic acid. The
with 0.3 mM isopropyl a-thiogalactopyranoside at 277. reaction products were separated and analyzed by use
After sonication and centrifugation, the cell lysates were of a reverse-phase C18 column (4.6 mm ID 1 25 cm;
incubated with glutathione-affinity resin and the proteins Vydac) in the HPLC (Hewlett–Packard 1090) with an ace-
bound to the resin were treated with thrombin to release tonitrile gradient (from 20 to 30% for 2 min) containing
the protease into the unbound fraction while leaving the 0.05% trifluoroacetic acid (w/v) at a flow rate of 1 ml/min
GST bound on the resin. The released fractions were according to the procedures described previously (Kim
collected and applied onto a Mono S column (Pharmacia) et al., 1995). The concentrations of the proteins were
to purify the protease to homogeneity by HPLC (Phar- determined by using the extinction coefficients at 280
macia). nm, e (M01rcm01), of tryptophan (e  5500) and tyrosine
(e  1490) present in proteins (Pace et al., 1995) as
Identification of the second internal cleavage site in follows; 36,440 for the wild-type protease and the point
the C-terminal region mutant proteases (5 Trp and 6 Tyr) except the W212S
protease, 30,940 for the W212S protease (4 Trp and 6The truncated 25-kDa protein (ProD20) lacking the C-
Tyr), 29,450 for both the ProD32 and the ProD35 prote-terminal 20 amino acids was prepared by polymerase
ases (4 Trp and 5 Tyr), and 34,950 for the other truncatedchain reaction as described previously (Kim et al., 1996).
mutant proteases (5 Trp and 5 Tyr).The 25-kDa protein was incubated at 307 to induce the
internal cleavage of the protease. After the incubation
for 150 hr at 307, 300 ml of 10% acetic acid was added RESULTS
to stop further degradations. The incubated mixture was
Identification of the second internal cleavage site inloaded onto a C18 column, the products were separated
the carboxyl-terminal region of the TuMV NIaby an analytical HPLC (Hewlett–Packard 1090), and the
proteasepeaks of proteins were resolved by a gradient of 0 to
30% acetonitrile containing 0.05% trifluoroacetic acid in The TuMV-NIa protease has been found to cleave itself
30 min with a flow rate of 1 ml/min. The peak fractions to generate a truncated 25-kDa protein lacking the C-
were collected, lyophilized, and subjected to N-terminal terminal 20 amino acids (Kim et al., 1995). This self-cleav-
sequence analysis. The sequencing reactions were car- age could be almost prevented by the point mutation of
ried out for six cycles on an automatic protein sequencer Gly-224 to Arg (G224R) at position P1* (Fig. 1). Prolonged
(Applied Biosystems Model 471A). incubation of the G224R protease for 150 hr generated
a small amount of the 25-kDa protein, approximately one-
Measurement of the catalytic activity
third of the total proteins (data not shown), suggesting
that the mutation does not completely prevent the cleav-The proteolytic activities of the wild type and mutant
proteases have been measured by use of a synthetic age or that the restriction on the P1* position of the
internal self-cleavage site is relatively weak for the inter-nonapeptide, acetyl -Glu- Pro-Thr-Val -Tyr- His-Gln-Thr-
Leu-amide, containing the cleavage site at the junction nal cleavage. When the NIa protease was incubated
longer than 60 hr, the 25-kDa protease was further de-of 6K1 and CI as a substrate. Each reaction was carried
out with the peptide substrate at 0.2 mM and the protease graded into a 24-kDa protein, suggesting that there is
at least one additional internal cleavage site. Such aat 1.5 mM in a reaction buffer containing 40 mM HEPES,
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FIG. 2. Sequence alignment of the C-terminal amino acids of five potyviral NIa proteases from TEV (Allison et al., 1986), TVMV (Domier et al.,
1986), PPV (Lain et al., 1988), PVY (Robaglia, 1989), and TuMV (Nicolas and Laliberte´, 1992). Identical amino acids are indicated in bold and shaded.
Similar amino acids are indicated only in bold. The groups of similar amino acids were defined as follows: small R groups with near neutral polarity
(G, A, P, S, and T); acidic and uncharged polar R groups (D, E, N, Q); basic polar R groups (H, R, and K); nonpolar R groups (M, I, L, and V); and
aromatic nonpolar or uncharged R groups (F, W, and Y). Dashes indicate gaps inserted to maximize alignment. The consensus sequence, including
alternative amino acids, is shown at the bottom. The amino acids conserved in hydrophobicity are indicated by h. The first and second internal
cleavage sites at the C-terminal region of the NIa protease are indicated by arrows. The amino acid numbers are given above the sequences every
fifth position.
degradation was not observed for the D81N mutant pro- tion of 6K1 and CI as a substrate. The proteolytic activity
was not detected at all (Table 1), indicating that the re-tease during the incubation for 100 hr at 307 while a
small amount of the 24-kDa protein was generated from gion of the C-terminal 36 amino acids contains essential
residues for the catalytic activity in the cleavage betweenthe C151S mutant protease during the incubation for 150
hr at 307. These results indicate that the NIa proteolytic 6K1 and CI. Considering that the removal of the C-termi-
nal 20 amino acids does not affect the catalytic activityactivity is responsible for the generation of the 24-kDa
protein from the 25-kDa protein since both Asp-81 and significantly (Table 1; Kim et al., 1995), it can be said that
there are amino acids essential for the catalytic activityCys-151 are the amino acids at the putative active site
(Dougherty et al., 1990). in the C-terminal region between residues 208 and 223.
In order to identify the exact site where the second
internal cleavage occurs, the 25-kDa protease was incu- Effects of mutations in the C-terminal region on the
bated for 150 hr at 307, which was expected to generate catalytic activity
the 24-kDa protein and a peptide fragment released from
The essential and nonessential amino acids in the NIathe 25-kDa protease. When the incubation mixture was
protease sequence between positions 208 and 223 wereseparated and analyzed by reverse-phase C18 chroma-
determined by analysis of a series of deletion mutants.tography, a peak at the retention time of 16 min was
Seven truncated proteases, ProD23, ProD25, ProD26,found to be generated specifically in the incubation mix-
ProD27, ProD29, ProD30, ProD30(/11), and ProD32,ture (data not shown). The peak fractions were collected
were expressed and purified (Fig. 3A), and their catalyticand subjected to the N-terminal amino acid sequence
activities for processing of the 6K1 –CI junction sequenceanalysis. The analysis revealed an amino acid sequence
were examined and compared (Table 1).of Ser-Ala-Ile-Ser-Trp-Gly, which matches exactly the se-
The catalytic activities of mutant proteases were com-quence from Ser-208 at the C-terminal region of the NIa
pared with that of the wild-type protease. The purificationprotease. This result indicates that the cleavage site is
of the authentic full-length form of the protease (27 kDa)located between Thr-207 and Ser-208 resulting in the
was not easy due to its self-cleavage to the 25-kDa pro-elimination of the additional 16 amino acids from the C-
tein. The percentage of the 25-kDa protein in the prepara-terminus of the 25-kDa protease or 36 amino acids from
tion of the wild-type protease was determined by inte-the C-terminus of the NIa protease (Fig. 2). The se-
grating the areas of the peaks corresponding to the 25-quence, His-Trp-Lys-Tyr-Asn-Thr-Ser, flanking the sec-
kDa and 27-kDa proteases during a C18 reverse-phaseond internal cleavage site is also different from the con-
HPLC analysis. The analysis showed that the preparedsensus TuMV NIa cleavage site sequence of Val-X-His-
wild-type protease was a mixture of the 27-kDa and 25-Gln-/-X (Kim et al., 1995).
kDa proteases in an approximate ratio of 3:2 (data not
shown). The catalytic activity of the wild-type proteaseThe proteolytic activity of the 24-kDa protein
was assessed by subtracting the catalytic activity of the
ProD20 protease corresponding to the 25-kDa proteinIn order to investigate whether the 24-kDa protein re-
tains the catalytic activity, the ProD35 protease was pre- from the activity of the mixture of the 27-kDa and 25-kDa
proteins (Table 1). Since the reactions for the assay ofpared and its proteolytic activity was measured using a
nonapeptide, acetyl -Glu- Pro-Thr-Val -Tyr- His-Gln-Thr- the catalytic activities were stopped within 30 min, the
degradation of the 27-kDa protease into the 25-kDa pro-Leu-amide, which contains the cleavage site at the junc-
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TABLE 1
Comparison of the Catalytic Activities of the TuMV-NIa Wild Type and Mutant Proteases
Specific activity a Relative activity b
Proteases C-terminal sequence of the proteases (nmol/mg/min) (%)
Wild type -HWKYNTSAISWGSLNIQASQPSGLFKVSKLISDLDSTAVYAQ 65.2 { 6.7c 100
ProD20 -HWKYNTSAISWGSLNIQASQPS 59.0 { 9.9 91
ProD23 -HWKYNTSAISWGSLNIQASSLIHRD 55.0 { 10.00 84
ProD25 -HWKYNTSAISWGSLNIQ 38.8 { 5.2 60
ProD26 -HWKYNTSAISWGSLNI 30.6 { 4.9 47
ProD27 -HWKYNTSAISWGSLN 0.34 { 0.10 0.52
ProD29 -HWKYNTSAISWGS 0.022 { 0.012 0.034
ProD30 -HWKYNTSAISWG 0.034 { 0.020 0.052
ProD30(/11) -HWKYNTSAISWGPVPWNSKLNSS 0.031 { 0.019 0.048
ProD32 -HWKYNTSAISA NDd —
ProD35 -HWKYNTR ND —
S211H -HWKYNTSAIHWGSLNIQASQPSGLFKVSKLISDLDSTAVYAQ 11.8 { 3.3 18
W212S -HWKYNTSAISSGSLNIQASQPSGLFKVSKLISDLDSTAVYAQ 1.08 { 0.27 1.7
G213S -HWKYNTSAISWSSLNIQASQPSGLFKVSKLISDLDSTAVYAQ 1.45 { 0.31 2.2
S214P -HWKYNTSAISWGPLNIQASQPSGLFKVSKLISDLDSTAVYAQ 43.6 { 5.7 67
I217D -HWKYNTSAISWGSLNDQASQPSGLFKVSKLISDLDSTAVYAQ 0.89 { 0.23 1.4
NIQ/TLE -HWKYNTSAISWGSLTLEASQPSGLFKVSKLISDLDSTAVYAQ 25.2 { 3.8 39
 F    F    
205 210 215 220 225 230 235 240
II I
Note. The underlined amino acids represent the residues changed by mutations. The arrows I and II represent the first and second internal
cleavage sites of the NIa protease. The residue numbers are indicated across the bottom of the sequences.
a The specific activities represent nmol of substrate cleaved/mg/min, which were measured at 257 using the acetyl-EPTVYHQTL-amide as a
substrate. The reactions were carried out in the buffer containing 40 mM HEPES, pH 7.6, and 150 mM KCl. The reactions were stopped within 30
min to measure the initial rate of the reaction. During this reaction time, the amount of the product peptide was below 15% of the total peptide
amount.
b The relative activity represents the percentage of the catalytic activity relative to that of the wild-type protease which has a relative activity of
100.
c The catalytic activity of the wild-type protease was assessed by subtracting the activity of the 25-kDa protein from the activity of the mixture
containing both the 25- and the 27-kDa proteins (the wild-type preparation) according to the following equation: A  (5 1 B 0 2 1 C)/3, in which
A, B, and C represent the specific activities of the wild-type 27-kDa protease, the mixture consisting of the 27-kDa and 25-kDa proteases, and the
25-kDa protease, respectively.
d ND, the catalytic activity was not detected.
tein was too negligible to cause a significant effect on deletion (ProD27), of even 1 residue, led to very low
activity levels (1%). These results suggest that Ile-217the catalytic activity during the reactions.
The ProD23 and ProD25 proteases exhibited 84 and is the amino acid located in the most C-terminal end of
the NIa protease among the residues important for the60% of the catalytic activity of the wild-type protease,
respectively (Table 1). There was a gradual loss of prote- catalytic activity. The ProD30 or ProD29 proteases which
contain the highly conserved residues, Trp-212 and Gly-ase activity in deleting as far as ProD26 (47%), but further
FIG. 3. SDS–PAGE analysis of the purified TuMV-NIa mutant proteases. (A) The wild-type protease, the mutant proteases with the deletion of
the C-terminal 20 (ProD20), 23 (ProD23), 25 (ProD25), 26 (ProD26), 27 (ProD27), 29 (ProD29), 30 (ProD30), and 32 (ProD32) amino acids, as well
as the ProD30(/11) protease, and (B) the mutant proteases with point mutations of S211H, W212S, G213S, S214P, I217D, NIQ/TLE, and H167Q
were purified, separated by 12% SDS–PAGE analysis, and stained with Coomassie brilliant blue G-250.
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213, showed only marginal catalytic activity while the kDa protease to degrade into the 25-kDa protein com-
pletely (Kim et al., 1995). The 25-kDa protein was notProD32 protease lacking these 2 amino acids did not
show any catalytic activity. When a sequence of 11 amino completely degraded into the 24-kDa protein even after
the incubation over 150 hr (Fig. 1), suggesting that theacids unrelated to the removed NIa C-terminal sequence
was added to the C-terminus of the ProD30 to make the second internal cleavage reaction is very slow. The 24-
kDa protein was inactive for the cleavage between 6K1ProD30(/11), it could not recover the catalytic activity,
suggesting that the specific sequence in the C-terminal and CI while the 25-kDa protein retains the catalytic activ-
ity on a level comparable to that of the full-length prote-region is required for the catalytic activity.
The substitution of Ile-217 with Asp disrupted the cata- ase (Kim et al., 1995), suggesting that there exist some
residues essential for the catalytic activity between theselytic activity almost completely (Fig. 3B and Table 1),
demonstrating that Ile-217 is important for the catalytic two internal cleavage sites generating the 24-kDa and
25-kDa proteins.activity in the processing of the 6K1 –CI junction se-
quence. When the NIa sequences of five potyviruses, In order to identify the critical residues between the
first and the second internal cleavage sites, the mutantTuMV, TEV, potato virus Y (PVY), tobacco vein mottling
virus (TVMV), and plum pox virus (PPV) were compared, proteases with deletion or point mutations in the C-termi-
nal region were prepared and their catalytic activitiesthree amino acids, Trp-212, Gly-213, and Pro-222, were
absolutely conserved between positions 208 and 223 were measured using the nonapeptide containing the
cleavage site between 6K1 and CI. The nonapeptide was(Fig. 2). Since the ProD23 protease has been found to
retain the catalytic activity (Table 1; Kim et al., 1995), Pro- used instead of the undecapeptide used earlier (Kim et
al., 1995) since the 9-mer is sufficient for the measure-222 is considered not to be crucial for the catalytic activ-
ity. The point mutation of Trp-212 to Ser (W212S) or Gly- ment of the catalytic activity. The nonapeptide was modi-
fied at the amino- and carboxyl-termini to mimic the be-213 to Ser (G213S) strongly disrupted the catalytic activity
(Fig. 3B and Table 1), demonstrating that Trp-212 and havior of the nonterminal residues. The Km and kcat values
were determined as 2.22 { 0.16 mM and 0.32 { 0.01Gly-213 are also important for the processing of the 6K1 –
CI junction sequence. sec01 for the full-length protease, and 2.64 { 0.19 mM
and 0.33 { 0.04 sec01 for the 25-kDa protease using theWe have tried to identify other residues important for
the catalytic activity between positions 210 and 217. The nonapeptide as a substrate (Kim and Choi, unpublished
data), indicating that the elimination of the C-terminal 20triple point mutation (NIQ/TLE) changing Asn-216, Ile-
217, and Gln-218 to Thr, Leu, and Glu, respectively, de- amino acids does not have any significant effect on the
catalytic efficiency. The catalytic efficiency was de-creased the catalytic activity to 39% of that obtained for
the wild-type protease (Fig. 3B and Table 1). The mutation creased three- to fourfold when using the nonapeptide
compared with that obtained using the undecapeptide.of Ser-211 to His or Ser-214 to Pro decreased the cata-
lytic activity to 18 or 67% of that of the wild-type protease. The high Km values might be due to the use of artificial
small peptides as a substrate which may not representThese results suggest that Asn-216, Ser-211, and Ser-
214 are not critical for the catalytic activity. the real substrate in the physiological state of plant cells.
The viral polyprotein in plant cells might interact withHis-167, which is located 16 amino acids downstream
of the active site Cys-151, is highly conserved among the the NIa protease more favorably than evaluated by the
observed Km . The reactions were carried out in the higherpotyviral NIa protease as well as the picornaviral 3C
protease (Dougherty et al., 1990). The His residue has salt concentration (150 mM KCl) to adjust the salt con-
centration to that in plant cells (Mohr and Schopfer,been presumably implicated in binding the P1 residue
(Gln) of the substrate (Bazan and Fletterick, 1988). When 1995), under which condition the catalytic efficiency was
increased approximately twofold. MgCl2 was excludedHis-167 was replaced with Gln, the catalytic activity was
drastically decreased to 4% of that of the wild-type prote- from the reaction buffer since its presence did not have
any effect on the catalytic activity.ase (data not shown). This result suggests that His-167
may be highly required for the catalytic activity in the The investigation of the catalytic activities of the C-
terminal truncated proteases showed that at least 217processing of the 6K1 –CI junction sequence and might
be involved either in the substrate recognition as pro- amino acids from the N-terminus of the NIa 27-kDa prote-
ase are required for the catalytic activity. The point muta-posed previously or in the maintenance of the structural
integrity of the NIa protease. tions of the C-terminal amino acids revealed that Trp-
212, Gly-213, and Ile-217 are important for the catalytic
activity of the NIa protease. The position 217 of TuMV isDISCUSSION
occupied by Val in TEV or by Leu in TVMV, PPV, and
PPV (Fig. 2), suggesting that hydrophobic residues areThe TuMV NIa protease has been found to cleave itself
to generate 25-kDa and 24-kDa proteins lacking the C- required for this position. As often seen in the cases of
other proteins (Schulz and Schirmer, 1979), Ile-217 andterminal 20 and 36 amino acids, respectively. It has been
found that it takes approximately 24 hr for the NIa 27- Trp-212 may be located at the inside of the NIa protease
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so that the mutations may disrupt the local structures Proteolytic activities of proteases may be regulated by
such a modification as internal cleavage. The C-terminalaround Ile-217 and Trp-212. Considering that Gly gener-
ally gives rise to a kink in the main chain or gives the deletion may change the catalytic efficiency of the prote-
ase or the substrate specificity. The C-terminal regionpolypeptide backbone much greater conformation flexi-
bility (Creighton, 1993), the conservation of Gly-213 has been speculated to play a role in changing the sub-
strate binding affinity of the different cleavage sitesamong potyviruses implies that Gly-213 might contribute
to a structural integrity of the protease. Another possibil- (Parks et al., 1995). Sequence alignment of the potyviral
NIa proteases shows that the C-terminal amino acids areity is that Ile-217, Trp-212, and Gly-213 may be located in
the substrate-binding pocket interacting with the peptide relatively less conserved than other homologous regions.
Such a diversity prompts one to speculate that the C-substrate and the mutations at those residues may in-
duce a conformational change leading to the defective terminal region is involved in substrate specificity. Our
preliminary results showed that the W212S, G213S, andrecognition of the peptide substrate.
Before the exact locations of the cleavage sites were I217D mutant proteases were also inactive for the pro-
cessing of the peptide representing the NIb-CP cleavageidentified, the triple point mutation (NIQ/TLE) changing
Asn-216, Ile-217, and Gln-218 to Thr, Leu, and Glu, re- site, suggesting that such residues are important for the
trans cleavage between NIb and CP as well as betweenspectively, had been prepared to block the internal cleav-
ages since the peptide bond between Gln-218 and Thr- 6K1 and CI. In order to clearly understand the roles of
these C-terminal residues, it is necessary to investigate219 had been considered to be the most probable inter-
nal cleavage site at that time. The mutation decreased whether such residues are also important for cis cleav-
ages as well as trans cleavages of the different cleavagethe catalytic activity to 39% of that of the wild-type prote-
ase, suggesting that Asn-216 is not essential for the cata- sites in the viral polyprotein.
In conclusion, we have identified the second internallytic activity and that both Ile-217 and Gln-218 can be
changed to Leu and Glu, respectively, without causing a cleavage site in the C-terminal region of TuMV NIa prote-
ase resulting in the elimination of the C-terminal 36significant loss of the catalytic activity (Fig. 3B and Table
1). Together with the result obtained from the I217D muta- amino acids and in the complete loss of the catalytic
activity. The deletion and point mutation analyses of thetion, this result implies that the position 217 may be
occupied by hydrophobic residues such as Ile or Leu but C-terminal residues revealed that the C-terminal 26
amino acids are not necessary, and that Trp-212, Gly-not by negatively charged ones such as Asp. In order to
elucidate whether Ile-217 is essential for the processing 213, and Ile-217 are the amino acids present at the most
C-terminal end of the NIa protease among the residuesof the 6K1 –CI junction sequence or whether hydrophobic
residues are required for the position 217, further muta- important for the processing of the 6K1 –CI junction se-
quence. Whether the internal cleavages of the NIa prote-tional analysis may be needed. Ser-214 was changed to
Pro resulting in a decrease of the proteolytic activity to ase play important roles in the viral replication needs to
be investigated. It will be very interesting to observe the67% of that of the wild-type protease, suggesting that the
TuMV NIa protease may accommodate Pro at the posi- replication and propagation of the potyviruses containing
the mutant NIa protease lacking the C-terminal region.tion 214. Consistent with this result, the position 214 is
occupied by Pro in the case of PVY NIa protease.
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